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OBJECTIVEdTo assess whether the presence of obstructive sleep apnea (OSA) affects glucose
metabolism in young, lean individuals who are healthy and free of cardiometabolic disease.

RESEARCH DESIGN AND METHODSdIn a prospective design, 52 healthy men (age
18–30 years; BMI 18–25 kg/m2) underwent laboratory polysomnogram followed by a morning
oral glucose tolerance test (OGTT). We stratified all subjects according to the presence or
absence of ethnicity-based diabetes risk and family history of diabetes. We then used a frequency-
matching approach and randomly selected individuals without OSA, yielding a total of 20 control
menwithoutOSA and12menwithOSA. Indices of glucose tolerance, insulin sensitivity, and insulin
secretion (early phase and total) were compared between men with OSA and control subjects. The
incremental areas under the glucose (incAUCglu) and insulin (incAUCins) curves were calculated
using the trapezoidal method from 0 to 120 min during the OGTT.

RESULTSdMen with OSA and control subjects were similar in terms of age, BMI, ethnicity-
based diabetes risk, family history of diabetes, and level of exercise. Both groups had normal
systolic and diastolic blood pressure and fasting lipid levels. After ingestion of a glucose load, men
with OSA had 27% lower insulin sensitivity (estimated by Matsuda index) and 37% higher total
insulin secretion (incAUCins) than the control subjects, despite comparable glucose levels
(incAUCglu).

CONCLUSIONSdIn young, lean, and healthy men who are free of cardiometabolic disease,
the presence of OSA is associated with insulin resistance and a compensatory rise in insulin
secretion to maintain normal glucose tolerance. Thus, OSA may increase the risk of type 2
diabetes independently of traditional cardiometabolic risk factors.
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Obstructive sleep apnea (OSA) is a
disorder characterized by repetitive
episodes of upper-airway obstruc-

tion during sleep, which result in intermit-
tent hypoxemia and transient arousals
leading to sleep fragmentation and poor
sleep quality. Obesity, male sex, and ad-
vancing age are the strongest risk factors for
OSA (1). Notably, OSA is highly prevalent
in overweight and obese individuals (2,3),
who represent approximately two-thirds of
the U.S. adult population today.

Increasing evidence from population-
based and clinical studies suggests an asso-
ciation between OSA, insulin resistance,

and type 2 diabetes in overweight and
obese adults (4–7) even after statistical ad-
justments for age, adiposity, and other
shared risk factors. In the few studies that
have included individuals with a BMI,25
kg/m2, the presence of OSA was found to
be associated with insulin resistance in se-
lected clinical populations of Asian origin
(8–10) andwith a higher prevalence of pre-
diabetes in a subset of data obtained from
the SleepHeart Health Study, amulticenter
cohort of community-dwelling adults in
the U.S (11). However, these studies of
lean individuals were conducted in middle-
aged and older adults who had varying

degrees of cardiovascular disease such as
hypertension and dyslipidemia, as well as
other potential comorbidities. Thus, it is
still unclear whether the link between
OSA and type 2 diabetes is independent
of potential confounding effects of obesity
and other cardiometabolic risk factors (12),
which prevail both inOSA and in disorders
of glucose metabolism.

We questioned whether the presence
of OSA affects glucose metabolism in
individuals who are otherwise healthy
and free of cardiometabolic disease. To
address this question, we assessed the
response to oral glucose tolerance testing
(OGTT) in healthy young lean men with
and without OSA.

RESEARCH DESIGN AND
METHODSdHealthy men aged 18–30
years and who had a BMI between 18 and
25 kg/m2 were recruited from the local
community in response to advertisements
seeking healthy volunteers with no sleep
complaints. We did not select subjects ac-
cording to symptoms of OSA. Exclusion
criteria were as follows: history of any
chronic medical condition, any acute ill-
ness, shift work, travel across time zones
during the past 4 weeks, depressed mood
(as assessed by Center for Epidemiologic
Studies of Depression score .16), use of
any prescription or over-the-counter
medications or supplements known to af-
fect sleep or glucose metabolism, current
smoking, significant alcohol or caffeine
consumption, or abnormal findings on
physical examination or routine labora-
tory testing. The institutional review
board of the University of Chicago ap-
proved the protocol, and all participants
gave written informed consent.

All participants underwent an over-
night full laboratory polysomnography for
assessment of the presence and severity of
OSA. On the following morning, a stan-
dard 75-g OGTT was performed after an
overnight fast, a 12-lead electrocardiogram
was obtained, and a fasting blood sample
was collected for routine laboratory tests
including complete blood counts, compre-
hensive metabolic panel, thyroid function
tests, lipid panel, and A1C.

c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c

From the 1Department of Medicine, University of Chicago, Chicago, Illinois; and the 2Department of Health
Studies, University of Chicago, Chicago, Illinois.

Corresponding author: Sushmita Pamidi, sushmita.pamidi@mail.mcgill.ca.
Received 1 May 2012 and accepted 4 June 2012.
DOI: 10.2337/dc12-0841
© 2012 by the American Diabetes Association. Readers may use this article as long as the work is properly

cited, the use is educational and not for profit, and thework is not altered. See http://creativecommons.org/
licenses/by-nc-nd/3.0/ for details.

2384 DIABETES CARE, VOLUME 35, NOVEMBER 2012 care.diabetesjournals.org

C a r d i o v a s c u l a r a n d M e t a b o l i c R i s k
O R I G I N A L A R T I C L E

mailto:sushmita.pamidi@mail.mcgill.ca
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


Polysomnography
Overnight laboratory polysomnography
(NeurofaxEEG1100 system;NihonKohden,
CA) was performed with bedtimes sched-
uled between 2300 and 2330 h and be-
tween 0730 and0800h. Polysomnographic
recordings included electroencephalog-
raphy, bilateral electrooculography, chin
and leg electromyography, electrocardi-
ography, airflow by nasal pressure trans-
ducer and oronasal thermistor, thoracic
and abdominal respiratory efforts, and
oxygen saturation by pulse oximetry. All
sleep recordings were initially scored by
the same registered polysomnographic
technologist and then reviewed by a
board-certified sleep medicine specialist.
Sleep stages were visually scored in 30-s
epochs as rapid eye movement (REM)
sleep; non-REM sleep, i.e., stages N1,
N2, and N3 (i.e., slow-wave sleep); and
wake according to standard criteria (13).
Respiratory events and microarousals
were scored according to established cri-
teria (13). The apnea-hypopnea index
(AHI) was calculated as the total number
of obstructive apneas and hypopneas per
hour of sleep.Hypopneaswere defined as a
decrease in nasal pressure signal of$50%
of baseline, which was associated with
either a $3% desaturation or an arousal.
OSA was defined as an AHI $5 events
per hour. Oxygen desaturation index was
calculated as the total number of$3% de-
saturations per hour of sleep. Arousal in-
dex was calculated as the total number of
microarousals per hour of sleep.

OGTT
An antecubital intravenous catheter was
inserted in the morning after an overnight
fast. Baseline samples were obtained at
215 and 0 min for measurement of glu-
cose and insulin concentrations. At time
0 min, 75 g glucose was ingested, and
blood samples were collected for the mea-
surement of glucose and insulin concen-
trations at 30, 60, 90, and 120 min.
Plasma glucose was measured using a
STAT-2300 analyzer (Yellow Springs).
Serum insulin was measured by chemi-
luminescence assays using the Immulite
immunochemistry system (Diagnostic
Products, Los Angeles, CA). Fasting glu-
cose and insulin concentrations were
calculated as the average of the 215
and 0 min readings. The insulin sensitiv-
ity index was estimated by the homeo-
stasis model assessment of insulin
resistance (HOMA-IR) based on fasting
glucose and insulin levels (14) and by
theMatsuda index as previously described

(15). Early-phase insulin secretion was es-
timated by the insulinogenic index based
on the ratio between incremental insulin
and glucose concentrations during the
first 30 min of the OGTT (I0–30/G0–30)
(16,17). The incremental areas under
the glucose (incAUCglu) and insulin
(incAUCins) curves were calculated accord-
ing to the trapezoidal rule between 0 and
120 min during the OGTT. The incAUCins

and incAUCins/incAUCglu were used as
measures of total insulin secretion.

Statistical analysis
The main objective of this study was to
examine the impact of OSA on glucose
metabolism in a group of young and lean
men. To this effect, participants were se-
lected based on preset criteria for age (18–
30 years) and BMI (18–25 kg/m2). Next,
we stratified all individuals (n = 52) ac-
cording to two additional determinants
of diabetes risk: ethnicity-based diabetes
risk (classified as “high” for African Amer-
icans, Asians, and Hispanics and “low”
for Caucasians) and family history of di-
abetes (classified as “yes” if at least one
first-degree relative had type 2 diabetes
and “no” if none of the first-degree rela-
tives had type 2 diabetes). Finally, we
used a frequency-matching approach
and randomly selected twice as many in-
dividuals without OSA (i.e., control sub-
jects) as there were individuals with OSA
(i.e., case subjects) such that the distribu-
tion of control subjects across these four
strata was the same (or as close as possi-
ble) as the distribution of case subjects.
This frequency-matching approach
yielded a total of 20 control men without
OSA and 12 men with OSA.

Group data were expressed as
means 6 SEM. Group differences be-
tweenmenwith OSA and control subjects
were tested using two-sided t tests for con-
tinuous variables and x2 tests for categorical
variables unless otherwise noted. Analyses
were performed on log-transformed values
for variables that were not normally dis-
tributed; the nonparametric Wilcoxon
rank-sum test was used only when the
log transformation was not sufficient to
provide normally distributed data. Data
are presented for non–log transformed
values for ease of interpretation. Exercise
levels were determined based on subjects’
answer to the question, “On average, how
often do you exercise?” taken from the
University of Chicago Diabetes/Quality
of Life Survey (20) and categorized as
none (rarely), mild (once or twice a
week), moderate (three times a week),

and intense (more than three times a
week). For confirmation of our analyses,
we also performed multivariate regres-
sion analyses including all participants
(n = 52) to characterize the associations
between measures of OSA severity (i.e.,
AHI and arousal index) and the primary
outcome variable, the insulin sensitivity
index. Covariates used in these multi-
variable models included ethnicity-based
diabetes risk, family history of diabetes,
and fasting triglyceride levels. Partial cor-
relation coefficients resulting from these
confirmatory analyses are reported.

Statistical analyses were performed
using JMP statistical software (version
9.0.2; SAS Institute) and Stata version
12 (StataCorp LP, College Station, TX).
All reported P values are two sided with
significance set at P , 0.05.

RESULTSdThe demographic, cardio-
vascular, and sleep characteristics of all
participants are presented in Table 1. The
ethnic distribution of the entire cohort
(n = 52) was as follows: 36 (69%) Cauca-
sians, 8 (15%) African Americans, 6
(12%) Hispanics, and 2 (4%) Asians.

Twelve of 52 men had OSA. The
severity of OSA was in the mild range
(i.e., AHI ,15) for all men except one
individual who had moderate OSA and
another individual who had severe OSA.
Men with OSA and matched control sub-
jects were similar in terms of age, BMI,
ethnicity-based diabetes risk, family his-
tory of diabetes, and level of exercise (Ta-
ble 1). Both groups had comparable
average systolic and diastolic blood pres-
sure and fasting triglyceride and LDL,
HDL, and total cholesterol levels, which
were all in the normal range according to
clinical guidelines.

Total sleep time, sleep efficiency, and
the amount of REM sleep did not differ
significantly between men with OSA and
control subjects. On average, the arousal
index was significantly higher and the
amount of slow-wave sleep (i.e., deep
sleep) tended to be lower in those with
OSA compared with control subjects,
which is consistent with sleep fragmen-
tation and poor sleep quality associated
with OSA. Men with OSA had greater, but
overall a mild degree of hypoxemia com-
pared with control subjects, as reflected
by a significantly higher oxygen desatura-
tion index with an average minimum
oxygen saturation of .90%.

The mean plasma glucose and insulin
profiles during the OGTT for men with
OSA and control men without OSA are
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shown in Fig. 1. Measures of glucose tol-
erance, insulin sensitivity, and insulin se-
cretion derived from the OGTT in all
participants are shown in Table 2. Men
withOSAhad 27% lower insulin sensitivity
(estimated by the Matsuda index) and 37%
higher total insulin secretion (incAUCins)
than the control subjects, whereas the glu-
cose response (incAUCglu) was not sig-
nificantly different between the twogroups
(Table 2). The incAUCins/incAUCglu, a
measure of total insulin secretion, was sig-
nificantly higher in men with OSA com-
pared with control subjects, whereas
early-phase insulin secretion (estimated
by insulinogenic index [I0–30/G0–30]) was

comparable between the two groups (Ta-
ble 2). Fasting and 2-h insulin, fasting and
2-h glucose, HOMA-IR, and A1C levels
did not differ significantly between men
with OSA and control subjects (Table 2).

Multivariate regression models were
used to further validate these findings
through examination of associations be-
tween the indices of OSA severity (i.e.,
AHI and arousal index) and the primary
outcome measure, the insulin sensitivity
index (estimated by Matsuda index) in all
participants (n = 52). After ethnicity-
based diabetes risk and family history
of diabetes were controlled for, both
increasing AHI (partial correlation

coefficient20.37, P = 0.008) and arousal
index (partial correlation coefficient
20.38, P = 0.006) were strongly associ-
ated with decreasing insulin sensitivity,
whereas no correlation was found be-
tween the insulin sensitivity index and
oxygen desaturation index (P = 0.809).

CONCLUSIONSdIn this study, we
demonstrate for the first time that in
young lean men (mean age ,24 years;
mean BMI,23 kg/m2) who are otherwise
healthy and free of cardiometabolic dis-
ease, the presence of OSA is associated
with insulin resistance and compensatory
hyperinsulinemia to maintain normal
glucose homeostasis. Men with OSA had
27% lower insulin sensitivity accompanied
by a 37% higher total insulin secretion
after ingestion of glucose load compared
with control men of similar age, BMI,
ethnicity-based diabetes risk, family history
of diabetes, exercise habits, blood pressure,
and fasting lipids levels. These findings are
in agreement with previous work support-
ing associations between OSA and insulin
resistance and type 2 diabetes in over-
weight and obese populations (5,6,11). Im-
portantly, our findings provide evidence to
support the hypothesis that OSA may ad-
versely affect glucose metabolism at a very
young age even in the absence of obesity,
cardiovascular disease, and other known
risk factors for type 2 diabetes.

We did not detect any significant
difference in fasting glucose and insulin
levels between men with OSA and control
subjects. The HOMA-IR based on fasting
glucose and insulin levels was not signif-
icantly different between the two groups.
In contrast, three previous studies con-
ducted in lean Asian individuals (8–10)
have found associations between the pres-
ence and severity of OSA and HOMA-IR.
In contrast to our young and healthy co-
hort, the patients included in these prior
studies were middle-aged patients with
symptoms of OSA (e.g., snoring, wit-
nessed apneas, daytime sleepiness) who
were selected from sleep disorder clinics
and were taking medications to treat co-
morbid conditions including hyperten-
sion, dyslipidemia, and type 2 diabetes.
In agreement with our findings, in the
Sleep Heart Health Study (11), a large
community-based cohort of older indi-
viduals (;50% .65 years of age), the
presence of OSA was associated with a
higher prevalence of prediabetes and oc-
cult diabetes in the nonoverweight group
(n = 370, BMI ,25 kg/m2). Our result
showing that even a mild degree of OSA

Table 1dDemographic, cardiovascular, and sleep characteristics of participants

All men Men with OSA
Control men
without OSA P†

n 52 12 20
Age (years) 23.4 6 0.4 23.9 6 1.1 22.5 6 0.6 0.21
BMI (kg/m2) 22.6 6 0.3 22.3 6 0.5 22.6 6 0.4 0.74
Ethnicity-based
diabetes risk (high/low) 16/36 5/7 8/12 0.93

Family history
of diabetes (yes/no) 5/47 3/9 2/18 0.34

Exercise level
(none to mild/
moderate to intense)* 28/24 7/5 11/9 0.85

Epworth sleepiness score 5.1 6 0.4 4.1 6 0.6 5.0 6 0.9 0.46
Cardiovascular**
Systolic blood
pressure (mmHg) 122.3 6 1.5 120.7 6 3.0 122.4 6 2.4 0.67

Diastolic blood
pressure (mmHg) 69.3 6 1.2 67.0 6 3.5 60.9 6 2.2 0.46

Total cholesterol (mg/dL) 155.5 6 4.9 158.9 6 36.9 163.7 6 7.8 0.72
LDL cholesterol (mg/dL) 88.5 6 4.3 87.5 6 9.8 95.0 6 6.7 0.52
HDL cholesterol (mg/dL) 49.9 6 1.6 53.5 6 3.1 50.5 6 2.7 0.47
Triglycerides (mg/dL) 85.4 6 5.1 89.6 6 12.5 90.8 6 8.3 0.93

Polysomnography
Total sleep time (min) 443.9 6 6.0 446.2 6 11.2 433.3 6 10.0 0.41
Sleep efficiency (%) 87.2 6 1.1 87.5 6 2.3 85.0 6 1.9 0.40
REM sleep (min) 100.7 6 3.9 104.1 6 10.2 99.4 6 6.1 0.68
Slow-wave sleep (min) 58.2 6 3.5 44.3 6 9.5 61.4 6 4.6 0.08
AHI (per hour of sleep) 3.9 6 0.9 11.2 6 2.9 1.6 6 0.3 ,0.0001
ODI (per hour of sleep) 0.8 6 0.2 1.9 6 0.9 0.3 6 0.1 0.028
Minimum oxygen
saturation (%) 91.4 6 0.25 90.5 6 0.45 92.3 6 0.36 0.0040

Arousal index
(per hour of sleep) 11.8 6 1.0 19.1 6 2.5 9.9 6 1.1 0.0003

Data aremeans6 SEMunless otherwise specified. Controlmenwithout OSA (n = 20) were randomly selected
from all controls (n = 40) by frequency-matching. Ethnicity-based diabetes risk was categorized as high for
African Americans, Asians, and Hispanics and low for Whites. Family history of diabetes was considered
positive if at least one first-degree relative had type 2 diabetes. Analyses were performed on log-transformed
values for AHI and arousal index. †P values are for comparisons between men with OSA and control subjects
and are from two-sided t tests for continuous variables and x2 tests for categorical variables except for oxygen
desaturation index for 3% desaturation (ODI) (Wilcoxon rank-sum test) and family history of diabetes
(Fisher exact test). *Exercise levels are from self-report (none, rarely; mild, once or twice a week; moderate,
three times a week; and intense, more than three times a week) **Data are reported for blood pressure in
n = 45 and for lipids in n = 43.
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is associated with insulin resistance in
otherwise healthy men is consistent with
findings from a larger study that included
118 nondiabetic subjects with no signifi-
cant comorbidities and demonstrated that
increasing severity of OSA is associated
with greater insulin resistance (estimated
by intravenous glucose tolerance test)

after statistical adjustments for age, sex,
race, and percent body fat (6).

In our study, subjects were not se-
lected according to sleep complaints or
symptoms of OSA, and the overall pres-
ence of OSA was 23% (12 of 52 subjects
with OSA), which appears to be higher
than expected for a young lean population

based on prior population studies
(3,18,21). This comparison could be mis-
leading, and the overall presence of OSA
in our study should be interpreted with
caution for several reasons. First, our
study was not designed to explore the
prevalence of OSA using a random or sys-
tematic sample from the population and
thus may not provide the true prevalence
estimates in young lean individuals. Sec-
ond, we believe that our small sample size
further limits the ability to make rea-
sonable prevalence calculations. Third,
compared with prior population-based
studies, our overall high presence of
OSA could be partly explained by impor-
tant differences in the techniques used to
detect respiratory events as well as the
scoring criteria. The prior population
studies have all used the thermistor as
the nasal airflow sensor to detect respira-
tory events. In contrast, in our study the
airflow was monitored using a more sen-
sitive method (i.e., the nasal pressure
transducer) in addition to the thermistor.
In the population-based cohorts, hypo-
pneas were defined using strict criteria
of a reduction in airflow accompanied
by a $4% oxygen desaturation, without
consideration for the presence of arousals.
In contrast, we used less stringent criteria
for detecting hypopneas, which include a
reduction in airflow associated with
either a $3% desaturation or an arousal,
as defined in the most current American
Academy of SleepMedicine scoring guide-
lines (13). Of note, when we have rescored
our data using a more strict definition of
hypopneas based only on a minimum of
4% desaturation (without considering the
arousals), only 2 of the 52 subjects (3.8%)
were categorized as having OSA (AHI
.5), which suggests that using only oxy-
gen criteria, the presence of OSA may not
be captured in young lean populations.
Indeed, there is evidence to suggest that
different scoring criteria used for deter-
mining the AHI contribute to substantial
variability in identification and classifica-
tion of OSA status (19,22). In particular,
there is also evidence to support the clin-
ical relevance of arousals and the impor-
tance of arousal-based criteria for
hypopnea definition in lean patients with
OSA (23).

The respiratory disturbances in OSA
are typically associated with intermittent
hypoxia and transient arousals, which
may alter glucose metabolism through
multiple pathways including activation of
the sympathetic nervous system, dysreg-
ulation of the hypothalamic-pituitary

Figure 1dMean plasma glucose and insulin profiles during the OGTT.

Table 2dMeasures of glucose tolerance, insulin sensitivity, and insulin secretion

All men Men with OSA
Control men
without OSA P†

n 52 12 20
A1C (%)* 5.3 6 0.1 5.3 6 0.1 5.3 6 0.1 0.56
Fasting glucose (mg/dL) 90.3 6 0.9 93.4 6 1.8 90.0 6 1.6 0.18
2-h glucose
(mg/dL) 100.2 6 3.3 110.2 6 7.7 104.2 6 4.6 0.48

Fasting insulin
(pmol/L) 28.5 6 2.2 37.9 6 6.4 26.2 6 3.0 0.12

2-h insulin
(pmol/L) 224.7 6 22.0 329.8 6 57.1 203.1 6 19.8 0.10

incAUCglu

(mU z mL21 z min) 9,315.0 6 377.0 10,486.9 6 1,050.0 9,464.3 6 489.4 0.42
incAUCins

(mg z dL21 z min) 3,920.3 6 225.6 4,781.7 6 475.8 3,492.2 6 310.9 0.024
incAUCins/incAUCglu 0.43 6 0.02 0.47 6 0.04 0.37 6 0.03 0.048
HOMA-IR 8.9 6 0.7 12.4 6 2.2 8.1 6 1.0 0.21
Matsuda index 10.5 6 0.6 8.1 6 1.4 10.9 6 0.8 0.021
I0–30/G0–30 (pmol/mmol) 96.4 6 6.0 95.0 6 13.8 83.0 6 8.3 0.44

Data are means 6 SEM unless otherwise indicated. Control men without OSA (n = 20) were randomly se-
lected from all controls (n = 40) by frequency-matching. †P values are for comparisons between men with
OSA and control subjects and are from two-sided t tests for continuous variables except for HOMA-IR
(Wilcoxon rank-sum test). *Data are reported for A1C in n = 45. Analyses were performed on log-transformed
values for fasting insulin, 2-h insulin, incAUCglu, HOMA-IR, and Matsuda index.
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axis, and systemic inflammation (24–29).
In our sample, the severity of OSA was
overall in the mild range, and the respira-
tory events were mostly associated with
arousals rather than severe oxygen desa-
turations, which in turn resulted in in-
creased sleep fragmentation and reduced
amount of deep slow-wave sleep. Consis-
tent with our findings, two experimental
studies in healthy young adults that used
acoustic stimuli to induce sleep fragmen-
tation and suppression of deep slow-wave
sleep found a ;25% decrease in insulin
sensitivity (30,31). In both studies, sleep
fragmentation resulted in increased sym-
pathetic activity estimated by spectral
analysis of heart rate variability, which
could potentially explain the insulin re-
sistance observed after experimental ma-
nipulations of sleep quality. There is also
evidence that intermittent hypoxia in-
duced in healthy humans results in elevated
blood pressure, increased sympathetic ac-
tivity, and decreased insulin sensitivity
(32–34). In animal models of OSA, inter-
mittent hypoxia and subsequent sleep frag-
mentation result in sympathetic activation,
impaired glucose homeostasis, and insulin
resistance (35). Taken together, evidence
from both animal and human models that
mimic OSA supports a potential causal role
for OSA in insulin resistance.

This study has several limitations.
Our sample size was relatively small due
to highly selective eligibility criteria, and
we used indirect OGTT-based measures
of insulin sensitivity and secretion. We
did not collect objective data on physical
activity and dietary habits, which could
be residual confounders. Nevertheless,
self-reported exercise levels were similar
between men with OSA and control sub-
jects. Differences in fat distribution, par-
ticularly visceral fat, which were not
assessed in our study, may explain some
of the association between the presence of
OSA and altered insulin sensitivity and
secretion. Specifically, we did not quan-
tify abdominal fat by imaging techniques
or collect data on waist circumference,
which represents a potential limitation of
our study. It should be noted, however,
that simply measuring waist-to-hip ratio
may not be a good predictor of central
obesity in this group of lean men, since
the recommended waist circumference
thresholds for increased cardiometabolic
risk in men identify only 1% of men with
“high” waist circumference and normal
BMI (36). It has been proposed that an
elevated fasting triglyceride level can be
used as amarker of excess visceral adipose

tissue storage and related metabolic ab-
normalities in otherwise healthy individ-
uals (37). In our sample, the fasting
triglyceride levels were not elevated and
there was not a significant difference in
triglyceride levels between men with
OSA and control subjects. In an explor-
atory analysis of our dataset, when tri-
glyceride levels were added to the
regressionmodel (after use of multiple im-
putation methods to impute missing tri-
glyceride values for nine men) that
included ethnicity-based diabetes risk
and family history of diabetes as covari-
ates, the relationship between AHI and
insulin sensitivity index remained signifi-
cant (P = 0.015). Our study only included
men, and it is conceivable that there may
be a differential effect of OSA on insulin
sensitivity and secretion in women given
the known sex disparities in body fat dis-
tribution. Further research on OSA and
glucose metabolism taking sex differences
into consideration would be worthwhile.
We report no significant difference in sub-
jective daytime sleepiness (as assessed by
the Epworth Sleepiness Scale) between
those with OSA and the control subjects,
but we did not collect data on objective
sleepiness or any other OSA symptoms
such as snoring, witnessed apneas, etc.
The diagnosis of OSA in our young, lean,
and otherwise healthy subjects was based
on a single night of sleep recording in the
laboratory, and we did not measure our
subjects’ sleep patterns at home. However,
our findings on glucose metabolism after
ingestion of glucose load in the laboratory
setting are entirely compatible with the
well-documented natural history of type
2 diabetes, where the early stages involve
normal glycemia associated with insulin
resistance and compensatory hyperinsu-
linemia (38). More research will be
needed to address the question of whether
the changes in insulin secretion and action
that we observed in these young and lean
men with OSA may lead to earlier im-
paired glucose tolerance or frank diabetes
in the long term, particularly when these
individuals grow older and gain more
weight.

In summary, our results demonstrate
that in a unique population of very young,
lean, and healthy men who are free of
cardiometabolic disease, the presence of
OSA is associated with insulin resistance
and a compensatory rise in insulin secre-
tion to maintain normal glucose tolerance
after ingestion of glucose load. These
findings have important clinical implica-
tions as they suggest that the presence of

OSA, in the absence of increased adipos-
ity or other cardiometabolic risk factors,
may promote the development of type 2
diabetes in men. Future large-scale con-
trolled studies are needed to assess
whether rigorous screening for and early
treatment of OSA may reverse insulin
resistance and prevent high-risk individ-
uals from progressing to a diabetic state.

AcknowledgmentsdThis workwas supported
by a grant from the Diabetes Research and
Training Center at the University of Chicago
and by National Institutes of Health grants R01
HL86459, PO1 AG11412, P50 HD057796, and
CTSA UL1 RR024999.
No potential conflicts of interest relevant to

this article were reported.
S.P. reviewed, analyzed, and interpreted

data; wrote the manuscript; and had final ap-
proval of the version to be published. K.W.
analyzed and performed statistical interpreta-
tion of data, revised the manuscript, and had
final approval of the version to be published.
J.B., A.D., E.C.H., and V.A. acquired data, re-
vised the manuscript, and had final approval
of the version to be published. E.T. conceived
and designed the study; acquired, reviewed,
analyzed, and interpreted data; wrote the
manuscript; and had final approval of the
version to be published. E.T. is the guarantor
of this work and, as such, had full access to all
the data in the study and takes responsibility
for the integrity of the data and the accuracy of
the data analysis.
The authors thank Dr. Eve Van Cauter at the

University of Chicago for her intellectual
contributions and careful review of the man-
uscript. The authors particularly thank the
subjects for participating in the study and the
nursing staff of the University of Chicago
General Clinical Research Center for their ex-
pert assistance.
Parts of this studywere presented in abstract

form at the American Thoracic Society 2012
International Conference, San Francisco, Cal-
ifornia, 18–23 May 2012.

References
1. Schwab RKS, Remmers J. Anatomy and

physiology of upper airway obstruction.
In Principles and Practice of Sleep Medicine.
4th ed. Kryger MRT, Dement W, Eds.
Philadelphia, Saunders, 2005, p. 983-1000

2. Young T, Peppard PE, Taheri S. Excess
weight and sleep-disordered breathing. J
Appl Physiol 2005;99:1592–1599

3. Young T, Palta M, Dempsey J, Skatrud J,
Weber S, Badr S. The occurrence of sleep-
disordered breathing among middle-aged
adults. N Engl J Med 1993;328:1230–1235

4. Meslier N, Gagnadoux F, Giraud P, et al.
Impaired glucose-insulin metabolism in
males with obstructive sleep apnoea syn-
drome. Eur Respir J 2003;22:156–160

2388 DIABETES CARE, VOLUME 35, NOVEMBER 2012 care.diabetesjournals.org

Glucose metabolism and sleep apnea in young lean men



5. Punjabi NM, Shahar E, Redline S, Gottlieb
DJ, Givelber R, Resnick HE; Sleep Heart
Health Study Investigators. Sleep-disordered
breathing, glucose intolerance, and insulin
resistance: the Sleep Heart Health Study.
Am J Epidemiol 2004;160:521–530

6. Punjabi NM, Beamer BA. Alterations in
glucose disposal in sleep-disordered
breathing. Am J Respir Crit Care Med
2009;179:235–240

7. Theorell-Haglow J, Berne C, Janson C,
Svensson M, Lindberg E. Is obstruction
sleep apnea associated with the metabolic
syndrome and impaired glucose metabo-
lism. Sleep Med 2006;7(Suppl. 2):S5

8. Akahoshi T, Uematsu A, Akashiba T, et al.
Obstructive sleep apnoea is associated with
risk factors comprising the metabolic syn-
drome. Respirology 2010;15:1122–1126

9. Kono M, Tatsumi K, Saibara T, et al. Ob-
structive sleep apnea syndrome is associ-
ated with some components of metabolic
syndrome. Chest 2007;131:1387–1392

10. Lin QC, Zhang XB, Chen GP, Huang DY,
Din HB, Tang AZ. Obstructive sleep ap-
nea syndrome is associated with some
components of metabolic syndrome in
nonobese adults. Sleep Breath 2012;16:
571–578

11. Seicean S, Kirchner HL, Gottlieb DJ, et al.
Sleep-disordered breathing and impaired
glucose metabolism in normal-weight and
overweight/obese individuals: the Sleep
Heart Health Study. Diabetes Care 2008;
31:1001–1006

12. The Cardiometabolic Risk Initiative [arti-
cle online], 2007. Available from diabetes.
org/CMR. Source accessed 1/05/12.

13. Iber CA-IS, Chesson AL, Quan SF. The
AASM Manual for the Scoring of Sleep and
Associated Events: Rules, Terminology, and
Technical Specifications. Westchester, IL,
American Academy of Sleep Medicine,
2007

14. Matthews DR, Hosker JP, Rudenski AS,
Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: Insulin
resistance and beta-cell function from
fasting plasma glucose and insulin con-
centrations in man. Diabetologia 1985;
28:412–419

15. Matsuda M, DeFronzo RA. Insulin sensi-
tivity indices obtained from oral glucose
tolerance testing: comparison with the
euglycemic insulin clamp. Diabetes Care
1999;22:1462–1470

16. Abdul-GhaniMA,Williams K,DeFronzo R,
Stern M. Risk of progression to type 2 di-
abetes based on relationship between

postload plasma glucose and fasting
plasma glucose. Diabetes Care 2006;29:
1613–1618

17. Utzschneider KM, Prigeon RL,
Faulenbach MV, Tong J, Carr DB, Boyko
EJ, Leonetti DL, McNeely MJ, Fujimoto
WY, Kahn SE. Oral disposition index
predicts the development of future di-
abetes above and beyond fasting and 2-h
glucose levels. Diabetes Care 2009;32:335–
341

18. Young T, Shahar E, Nieto FJ, et al.; Sleep
Heart Health Study Research Group.
Predictors of sleep-disordered breathing
in community-dwelling adults: the Sleep
Heart Health Study. Arch Intern Med
2002;162:893–900

19. Ruehland WR, Rochford PD,
O’Donoghue FJ, Pierce RJ, Singh P,
Thornton AT. The new AASM criteria for
scoring hypopneas: impact on the apnea
hypopnea index. Sleep 2009;32:150–157

20. Meltzer D, Egleston B. How patients with
diabetes perceive their risk for major
complications. Eff Clin Pract 2000;3:7–15

21. Bixler EO, Vgontzas AN, Ten Have T,
Tyson K, Kales A. Effects of age on sleep
apnea in men: I. Prevalence and severity.
Am J Respir Crit Care Med 1998;157:
144–148

22. Redline S, Kapur VK, Sanders MH, et al.
Effects of varying approaches for identi-
fying respiratory disturbances on sleep
apnea assessment. Am J Respir Crit Care
Med 2000;161:369–374

23. Guilleminault C, Hagen CC, Huynh NT.
Comparison of hypopnea definitions in
lean patients with known obstructive sleep
apnea hypopnea syndrome (OSAHS). Sleep
Breath 2009;13:341–347

24. Calvin AD, Albuquerque FN, Lopez-
Jimenez F, Somers VK. Obstructive sleep
apnea, inflammation, and the metabolic
syndrome. Metab Syndr Relat Disord
2009;7:271–278

25. Narkiewicz K, Somers VK. The sympa-
thetic nervous system and obstructive
sleep apnea: implications for hyperten-
sion. J Hypertens 1997;15:1613–1619

26. Narkiewicz K, van de Borne PJ, Cooley RL,
Dyken ME, Somers VK. Sympathetic
activity in obese subjects with and with-
out obstructive sleep apnea. Circulation
1998;98:772–776

27. Gozal D, Kheirandish-Gozal L. Cardio-
vascular morbidity in obstructive sleep
apnea: oxidative stress, inflammation, and
much more. Am J Respir Crit Care Med
2008;177:369–375

28. Somers VK, Dyken ME, Clary MP,
Abboud FM. Sympathetic neural mecha-
nisms in obstructive sleep apnea. J Clin
Invest 1995;96:1897–1904

29. Dempsey JA, Veasey SC, Morgan BJ,
O’Donnell CP. Pathophysiology of sleep
apnea. Physiol Rev 2010;90:47–112

30. Tasali E, Leproult R, Ehrmann DA, Van
Cauter E. Slow-wave sleep and the risk of
type 2 diabetes in humans. Proc Natl Acad
Sci USA 2008;105:1044–1049

31. Stamatakis KA, Punjabi NM. Effects of
sleep fragmentation on glucose metabo-
lism in normal subjects. Chest 2010;137:
95–101

32. Gilmartin GS, Lynch M, Tamisier R,
Weiss JW. Chronic intermittent hypoxia
in humans during 28 nights results in
blood pressure elevation and increased
muscle sympathetic nerve activity. Am J
Physiol Heart Circ Physiol 2010;299:
H925–H931

33. Tamisier R, Gilmartin GS, Launois SH,
et al. A new model of chronic intermittent
hypoxia in humans: effect on ventilation,
sleep, and blood pressure. J Appl Physiol
2009;107:17–24

34. Louis M, Punjabi NM. Effects of acute
intermittent hypoxia on glucose metabo-
lism in awake healthy volunteers. J Appl
Physiol 2009;106:1538–1544

35. Drager LF, Jun JC, Polotsky VY. Metabolic
consequences of intermittent hypoxia:
relevance to obstructive sleep apnea. Best
Pract Res Clin Endocrinol Metab 2010;24:
843–851

36. Klein S, Allison DB, Heymsfield SB, et al.;
Association for Weight Management and
Obesity Prevention; NAASO, The Obesity
Society; American Society for Nutrition;
American Diabetes Association. Waist
circumference and cardiometabolic risk:
a consensus statement from Shaping
America’s Health: Association for Weight
Management and Obesity Prevention;
NAASO, The Obesity Society; the Ameri-
can Society for Nutrition; and the Ameri-
can Diabetes Association. Am J Clin Nutr
2007;85:1197–1202

37. Lemieux I, Pascot A, Couillard C, et al.
Hypertriglyceridemic waist: A marker
of the atherogenic metabolic triad (hy-
perinsulinemia; hyperapolipoprotein B;
small, dense LDL) in men? Circulation
2000;102:179–184

38. DeFronzo RA, Abdul-Ghani MA. Preser-
vation of b-cell function: the key to di-
abetes prevention. J Clin Endocrinol
Metab 2011;96:2354–2366

care.diabetesjournals.org DIABETES CARE, VOLUME 35, NOVEMBER 2012 2389

Pamidi and Associates

http://diabetes.org/CMR
http://diabetes.org/CMR

